Information in neurons flows from synapses, through the dendrites and cell body (soma), and, finally, along the axon as spikes of electrical activity that will ultimately release neurotransmitters from the nerve terminals. However, the dendrites of many neurons also have a secretory role, transmitting information back to afferent nerve terminals [1] [2] [3] [4] . In some central nervous system neurons, spikes that originate at the soma can travel along dendrites as well as axons, and may thus elicit secretion from both compartments 1 . Here, we show that in hypothalamic oxytocin neurons, agents that mobilize intracellular Ca 21 induce oxytocin release from dendrites without increasing the electrical activity of the cell body, and without inducing secretion from the nerve terminals. Conversely, electrical activity in the cell bodies can cause the secretion of oxytocin from nerve terminals with little or no release from the dendrites. Finally, mobilization of intracellular Ca 21 can also prime the releasable pool of oxytocin in the dendrites. This priming action makes dendritic oxytocin available for release in response to subsequent spike activity. Priming persists for a prolonged period, changing the nature of interactions between oxytocin neurons and their neighbours.
Neurons in the supraoptic nucleus (SON) of the hypothalamus project axons to the posterior pituitary, where oxytocin and vasopressin are secreted from axonal nerve terminals into the systemic circulation. These peptides are also released in large amounts from dendrites in the SON 5 , but secretion at these two sites is not consistently correlated. Suckling evokes oxytocin release in the SON 6 before significant peripheral secretion, whereas after osmotic stimulation, SON oxytocin release lags behind peripheral secretion 7 . During lactation, in response to suckling, oxytocin cells discharge with brief, intense bursts 8 ; these bursts release boluses of oxytocin into the circulation that result in milk let-down from the mammary glands. The bursting activity can be blocked by central administration of oxytocin antagonists 9 , thus central as well as peripheral oxytocin is essential for milk let-down. It has been proposed that suckling evokes dendritic oxytocin release that acts in a positive feedback manner to evoke bursting 10 . Oxytocin mobilizes intracellular Ca 2þ from thapsigargin-sensitive stores in oxytocin cells 11 . Here we tested the hypothesis that this might be critical for dendritic oxytocin release. In anaesthetized rats, we implanted a microdialysis probe into the SON to measure oxytocin release in response to systemic osmotic stimulation. In some of these experiments we applied thapsigargin directly to the SON through the dialysis probe. Thapsigargin caused a significant increase in SON oxytocin release that returned to control levels after washout. Subsequent systemic osmotic stimulation (2 ml of 1.5 M NaCl, intraperitoneal injection) caused a much larger release of oxytocin in thapsigargin-pretreated rats than in controls. Osmotically stimulated oxytocin secretion into the circulation was unaffected by exposure of one SON to thapsigargin (Fig. 1a, b) .
To test whether thapsigargin potentiated spike-dependent release 12 . We applied electrical stimuli to the neural stalk to evoke antidromically propagated action potentials in supraoptic neurons. Stimulation produced a large release of oxytocin from the SON in thapsigarginpretreated rats (Fig. 1c ), but not in control rats, despite causing a large secretion of oxytocin into the plasma (data not shown). Thus exposure to thapsigargin appears to 'prime' activity-dependent oxytocin release from dendrites.
To test whether this priming action was specific to dendrites, we studied oxytocin release from isolated neural lobes and SON in vitro. Oxytocin secretion from the neural lobe, evoked by depolarization with high K þ solutions, was unaffected by thapsigargin, caffeine and ryanodine, all of which can release Ca 2þ from intracellular stores 11, 13 (data not shown). By contrast, thapsigargin caused significant oxytocin release from the SON (Fig. 2a-d) , whereas neither caffeine nor ryanodine had any appreciable effect on dendritic release ( Fig. 2e-g ). Furthermore, thapsigargin (but not caffeine or ryanodine) produced a marked potentiation of subsequent K þ -induced release (P , 0.01, paired t-tests; Fig. 2b-d) . No potentiation was seen in response to high K þ administered 5 min after exposure to thapsigargin (Fig. 2a) , but large potentiation was observed in response to high K þ administered 30, 60 or 90 min after thapsigargin ( Fig. 2b-d) . Application of an oxytocin agonist also induced significant oxytocin release from the SON (P , 0.01, paired t-tests), as shown previously 14 , and, like thapsigargin, potentiated subsequent depolarization-evoked oxytocin release (Fig. 2h) .
To investigate the physiological significance of priming of activity-dependent dendritic release, we recorded from single oxytocin neurons in virgin female rats while dialysing the SON with thapsigargin. Thapsigargin had no effect on the mean electrical discharge rate of cells (mean change in firing rate after 30 min exposure, 20.4^0.4 spikes s 21 , n ¼ 7), but statistical analysis revealed a subtle but important effect on discharge patterning. In oxytocin cells under control conditions, interspike intervals that are much shorter than the average interval tend to be followed by interspike intervals that are longer than average, reflecting the summating effects of slow post-spike hyperpolarization 15 . However, in some cells after thapsigargin treatment, intervals much shorter than average were followed by intervals that were also significantly shorter than average. This suggested that the normal post-spike hyperpolarization may be being over-ridden by post-spike depolarization, and hence that activity-dependent exocytosis from the dendrites may have a positive feedback effect on electrical activity.
If oxytocin (and/or other substances) released from dendrites affect the activity of neighbouring cells, then this should be particularly apparent from the effects of 'constant collision' stimulation (CCS, Fig. 3a ) 16 . This protocol involves activating the neighbours of a recorded cell synchronously in an activity-dependent manner, mimicking the co-ordination of neuronal activity that precedes reflex milk ejection 17 . Electrical stimulus pulses applied to the neural stalk evoke antidromic spikes in all supraoptic neurons, except when a spike has occurred in the 10 ms before stimulation, in which case the antidromic spike evoked in that cell will be extinguished by collision with the descending spontaneous spike. During recording of each cell, stimuli (CCS) were applied to the neural stalk 5 ms after every spontaneous spike. Thus the CCS does not affect the The effects of CCS (a) on a representative oxytocin cell (b-e), and data from 11 cells exposed to CCS after thapsigargin (f, g). After thapsigargin (administered by retrodialysis to the SON), CCS produced clustering of activity with occasional bursts (asterisks in b, c). b-d, Second-by-second firing rate (b), instantaneous frequency (c), and mean t 1 (^standard error) against t 2 and t 2 þ t 3 þ t 4 , (with linear trend lines) for this cell in control conditions (red), during CCS (blue), and during CCS after thapsigargin treatment (green) (d) are shown. e, Corresponding interspike interval distributions. f, g, Data from 11 cells exposed to CCS after thapsigargin (means þ standard error).
Panel f shows the mean t 2 when following short values of t 1 , compared to the overall mean t 2 for each cell. The bars show this ratio in control conditions (red), during CCS (blue), and during CCS after thapsigargin (green). g, Mean relative incidence of short intervals (less than 50 ms, hatched bars) and long intervals (greater than 700 ms, coloured bars) in the interspike interval distributions recorded in control conditions, during CCS and during CCS after thapsigargin. Double asterisk, P , 0.01, paired t-tests. Figure 4 The effects of CCS on a representative oxytocin cell. After oxytocin microinjection (10 ng i.c.v.), CCS produced clustering of activity with occasional bursts. a-c, Second-by-second firing rate (a), instantaneous frequency (b) and mean t 1 (^standard error) against t 2 , and t 2 þ t 3 þ t 4 (with linear trend lines) for this cell during CCS before (top panels) and after oxytocin injection (bottom panels) (c) are shown.
recorded cell directly, as all spikes evoked antidromically in that cell are extinguished; however, antidromic spikes cause approximately synchronous activation of neighbouring cells, and hence will cause synchronized activity-dependent exocytosis from neighbouring dendrites. CCS induces clustered discharge in some oxytocin cells with little effect on the mean discharge rate 16 . We compared current and preceding interspike intervals to look specifically for positive feedback effects. During CCS, 7 out of 11 cells showed a positive correlation between the current interspike interval and preceding interval lengths for the shortest intervals (Fig. 3) . After thapsigargin treatment, positive correlations were stronger in each of the seven cells during CCS, and positive correlations were seen in the four cells that had not displayed them before thapsigargin treatment (Fig. 3d) .
Overall, there was no change in the relative incidence of short intervals (less than 50 ms) in the cells tested with CCS. On the contrary, there was an increase in the incidence of long interspike intervals (greater than 700 ms) (Fig. 3g) . Thus, during CCS after thapsigargin treatment, there is no increase in the firing rate of oxytocin cells, and no generally increased incidence of short intervals, but there is a re-organization of spike activity reflected by changes in the interspike interval distributions (Fig. 3e) . Very short intervals tend to be followed by short intervals (Fig. 3f) in clusters of spikes that are followed by long intervals, and hence the second-bysecond firing rate shows greater variability, as observed before suckling-induced bursts of milk ejection 17 . Some cells displayed clear bursts of activity 18 ( Fig. 3b, c) . These bursts were less intense than 'classical' milk-ejection bursts, which are characterized by extremely short interspike intervals (less than 10 ms) never normally seen in spontaneous activity 19 , but were similar to bursts seen at the beginnings of reflex milk ejection 20 . In lactating rats, microinjections of oxytocin intracerebroventricularly (i.c.v.) or directly into the SON facilitate the sucklinginduced milk ejection reflex for about 30 min 9 . In four experiments we applied CCS to oxytocin cells before and after i.c.v. injection of 10 ng oxytocin into the lateral ventricle. For three of the four cells tested, the effects of oxytocin on spike patterning during CCS were similar to those observed with thapsigargin (Fig. 4) ; the fourth cell tested was unaffected by oxytocin.
Thus mobilization of Ca 2þ from thapsigargin-sensitive stores can evoke release of oxytocin from dendrites without an increase of electrical discharge rate and without triggering secretion from axon terminals. This may be a general neuronal mechanism: dendritic secretion of peptides and neurotransmitters has been described for many systems [2] [3] [4] 21 , and activity-dependent release of nerve growth factor from hippocampal neurons 22 is directly modulated by Ca 2þ released from intracellular stores. Oxytocin itself mobilizes Ca 2þ from thapsigargin-sensitive stores in oxytocin cells 11 , and so, once triggered, oxytocin release may be self-sustaining and hence long lasting.
In addition, we show here that mobilization of intracellular Ca 2þ is followed by a long-lasting potentiation (priming) of activity-or depolarization-dependent dendritic release. 11 , although it arises from Ca 2þ entry through voltage-gated channels rather than from intracellular stores. It seems likely that Ca 2þ release from intracellular stores recruits dendritic granules into a 'readily releasable pool', where they remain available for activity-dependent release for a prolonged period.
After priming, activity-dependent dendritic release facilitates 'clustered' discharge patterning in oxytocin cells. Whether this is a direct action on oxytocin cells, or involves modulation of presynaptic neurotransmitter release 24 
Electrophysiology
In anaesthetized rats, the activity of antidromically identified SON neurons was recorded, and vasopressin neurons and oxytocin neurons were distinguished by functional and electrophysiological criteria 12 . Artificial cerebrospinal fluid (ACSF) was dialysed at 3 ml min
21
. During recording, dialysis fluid was changed to ACSF containing thapsigargin (0.2 mM, Sigma). Cells were tested with CCS 16 before and after exposure to thapsigargin (applied by retrodialysis) or oxytocin (applied i.c.v.). Interspike interval histograms were constructed in each condition, and scaled to the total number of intervals recorded. Spike trains were analysed for serial dependence. In each period analysed, every interval t 1 was paired with its predecessor t 2 and the preceding trains (t 2 þ t 3 . . .t n ). The arrays were sorted by ascending t 1 , and binned (bin size 50 for the shortest values of t 1 ; bin size 250 thereafter). For each bin, the corresponding means (þ standard error) of t 2 and (t 2 þ t 3 . . .t n ) were calculated.
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